Most odontocetes live in pods of several individuals, resulting in an overlapping of click trains recorded by passive acoustic monitoring systems. Localization algorithms and click classifiers are usually used for train separation. However, their performances fall down if individuals are too close to each other or if acoustical parameters vary greatly from click to click, respectively. Assuming odontocete clicks follow rhythmic patterns, we propose to use a rhythm analysis to separate mixed click trains from a single hydrophone. The proposed algorithm is based only on inter-click-intervals (ICI) to cluster clicks into trains. It uses information given by complex-valued autocorrelation to compute a histogram which will exhibit peaks at ICIs corresponding to interleaved trains. By this technique, subharmonics corresponding to multiples of ICIs are automatically suppressed. The algorithm is then extended by a time-period analysis leading to a time-varying ICI spectrum. A threshold can be applied on this spectrum to detect the different interleaved trains. The final result is a binary time-ICI map on which trains can be fully and easily distinguished and extracted. We validate it on simulated and experimental data and we show that the algorithm is particularly suitable as a preprocessing tool prior to localization and classification schemes.
INTRODUCTION
One aim of passive acoustic monitoring (PAM) is to study cetaceans, whether to understand their sound production mechanisms, their behavior, ecology and the impacts of anthropogenic noise on their communications [1, 2, 3, 4, 5] . Several methods can be used for such monitoring as reviewed by Mellinger et al. [6] . Marine mammals mainly produce two types of sounds: tonal sounds and clicks. Both can easily be recorded by PAM systems. Here we focus only on clicks produced by odontocetes.
PAM systems usually record long time-series that require effective signal processing tools for fast and automatic analysis. The main problem when analyzing data acquired in natural fields is that recordings contain a mixture of clicks coming from several biotic or abiotic sources. Moreover, odontocetes are usually living in pods of several individuals, which leads to overlapping click trains from multiple individuals. Therefore there is a need to develop signal processing tools that sort out and separate multiple sources recorded at one single hydrophone.
Several methods performing click sorting based on acoustical parameters have already been reported in the literature [7, 8, 9] . However, most of these algorithms need prior training [10] and nearly invariant acoustic parameters [11] to work properly. This might be inconsistent with acoustical properties of recorded odontocete clicks that vary greatly depending on orientation changes of the animal relative to the hydrophone. In this communication, we propose to use the rhythm of the clicks, supposed nearly constant, to sort out and cluster clicks into trains. Indeed, odontocetes rarely emit isolated clicks but trains of several clicks following a certain rhythmic pattern characterized by the inter-click interval (ICI) [12] .
Such a problematic has already been studied in other fields like automatic tempo detection in music or pulse train deinterleaving in radar. Most of the algorithms in these fields use the time of arrival (TOA) of the pulses and are based on an autocorrelation function of the pulse trains to build an histogram. Cumulative difference (CDIF) [13] , τ-histogram [14] and sequential difference (SDIF) [15] are the most common ones. All of them have advantages and drawbacks. Their main disadvantage is that if autocorrelation function yields to produce peaks located at ICI-values corresponding to interleaved trains, it also produces peaks located at ICI-values corresponding to integer multiples of the fundamental ICIs. This can give results difficult to read and interpret. For this reason, [16] and [17] have introduced the concept of complex-valued autocorrelation function that almost completely suppress subharmonics of the autocorrelation while keeping peaks located at ICI-values of the interleaved trains.
Our main contribution is to use this complex-valued autocorrelation function to sort out clicks emitted by multiple clicking odontocetes. We also demonstrate that the proposed method can be adapted to track click trains whose rhythm changes according to the time. This leads to a time-varying ICI spectrum, whose concept has been introduced previously in [18] but not used in bioacoustics yet.
The organization of the paper is as follows. In section 2, an overview of the complex-valued autocorrelation function is given. A comparison to classical autocorrelation function is done to show the contribution of complex values in term of subharmonic suppression. We present how this initial algorithm can be extended by a time-period analysis to give a time-varying ICI spectrum and introduce a threshold function that can be applied on this spectrum to detect the different interleaved trains. In section 3, we validate the proposed algorithm on simulated and experimental data. Some conclusions are provided in section 4. 
METHODOLOGY

Complex-Valued Autocorrelation Function
As stated, we rely only upon the TOA of each click as it is the only parameter that is totally independent of the relative orientation between the head of the whale and the hydrophone. For this reason, if t n represents the TOA of each click (n = 0, ..., N − 1) and N is the total number of clicks in the train, then the click train can be modeled as a sum of Diracs:
where δ is the Dirac function and t n the TOA of the n th click.
The expression of the complex-valued autocorrelation function introduced in [16, 17] is given by:
where τ is real and strictly positive.
As a comparison, we remind the expression of the classical autocorrelation function:
Combining equations (1) and (2) gives:
Combining (1) and (3) gives:
Considering the particular case of a pulse train coming from a unique source, we can write:
where n = 1, ..., N; p is the ICI and η the initial phase. With such TOA expression, equation (4) becomes
The first term on the right hand side of equation (7) represents the contribution of impulses located at the fundamental ICI τ = p and its modulus is N − 1. The second term represents the contribution of impulses located at integer multiples of the ICI τ = l p and gives the amplitude of subharmonics. It is shown that this second term can be majored by l/2 and so, is independent from N [17] . Therefore when N increases subharmonics are suppressed in comparison to the amplitude of the peak corresponding to the fundamental ICI.
In the case of a single pulse train, the classical autocorrelation function gives the following result: It is clear in equation (8) 
Time-Rhythm Analysis
Principle
The limitation of the complex-valued autocorrelation function described in the previous subsection is that trains from each source must exist during most parts of the observation time to have a peak appearing in the spectrum. To overcome this problem a time-rhythm analysis methods is introduced in [18] . Time-rhythm analysis is is defined by:
where W(t, τ) = [t − ντ/2, t + ντ/2] is a window sliding along the interleaved click trains. The window is centered around t and its width is ντ with ν a positive real number. As a result, we obtain an image called time-varying ICI spectrum on which the x-axis represents the time, the y-axis represents the ICI and the colormap represents the modulus of |D(t, τ)|. Figure 2a shows such an image.
Train Detection
From this time-varying ICI spectrum, click trains can effectively be detected through thresholding. A pulse train exist if |D(t, τ k )| exceeds this threshold. The threshold is calculated from noise statistics. A detailed description of the steps leading to the computation of this threshold is made in [18] . We just remind the final expression: (10) where P f a is the probability of False Alarm of the detector, Γ is the detection threshold, J 0 (.) et J 1 (.) are respectively the Bessel functions of order 0 and 1, and λ is given by:
with N τ (t) the number of clicks in the moving window W(t, τ). Therefore, it is important to notice that with such expression for λ, the threshold adapts to the number of clicks in each window W(t, τ).
RESULTS
The method proposed in the previous section to de-interleave click trains has been tested on simulated and real data.
As odontocetes are able to change their ICI according to the time depending on their activity (localization, foraging), we have simulated five interleaved click trains with very different characteristics. Three of them are constant but lightly corrupted with some jitter to model a localization behavior and two others present accelerations and decelerations of the rhythm to model a foraging activity. These last two trains have their ICIs modulated with a cosine function to model the accelerations and decelerations. Table 1 presents in details the train characteristics. Figure 2 shows the results obtained with these five interleaved click trains. On figure 2a the result of the time-rhythm analysis, ie |D(t, τ k )|, has been plotted. Figure 2b shows the results after a thresholding. Both figures clearly show the five interleaved click trains. For the three constant trains, the ICIs found by the proposed method exactly correspond to those of the simulated trains. For the accelerating/decelerating trains we can clearly see changes in rhythm. At last, times of beginning and end found on these time-rhythm maps are nearly equal to the values given in table 1.
The proposed algorithm has also been validated on real data. Signals used for these validations are click trains of Bottlenose Dolphins (Tursiops truncatus), whose presence during the records at sea has been confirmed by visual observations. Click trains have been recorded in the English Channel between the Channel Islands and the French coast. Dolphins were in groups of 3 to 10 individuals. TOAs of the clicks have then been manually extracted through a visual inspection of the waveform. This list of extracted TOAs feeds our deinterleaving algorithm.
Results of the algorithm are plotted on figure 3. After the thresholding, 7 distinct segments corresponding to 7 detected click trains can clearly be distinguished. Some false alarms appear also between 250 and 251.5 seconds. Up to three interleaved click trains are simultaneously distinguished, which means that at least 3 dolphins were clicking simultaneously during this period. A visual inspection of the waveform and spectrogram reveals that 4 different dolphins were effectively clicking during this 10 seconds snapshot. As they are not always clicking continuously, some click trains are split in several segments. 
CONCLUSION
In this paper we have proposed a method to de-interleave click trains of odontocetes clicking simultaneously. We have also shown that the proposed time-rhythm representation allowed to track for changes in the rhythm. Based on a complex-valued autocorrelation function, the rhythm of each interleaved click train is highlighted, while the subharmonics corresponding integer multiples of the fundamental ICIs are suppressed. Therefore the number of individuals clicking simultaneously can be known. The proposed method has been validated on simulated and real data.
